We construct a linear filter optimised for detecting dark-matter halos in weak-lensing data. The filter assumes a mean radial profile of the halo shear pattern and modifies that shape by the noise power spectrum. Aiming at separating dark-matter halos from spurious peaks caused by large-scale structure lensing, we model the noise as being composed of weak lensing by large-scale structures and Poisson noise from random galaxy positions and intrinsic ellipticities. Optimal filtering against the noise requires the optimal filter scale to be smaller than typical halo sizes. Although a perfect separation of halos from spurious large-scale structure peaks is strictly impossible, we use numerical simulations to demonstrate that our filter produces substantially more sensitive, reliable and stable results than the conventionally used aperture-mass statistic.
Introduction
Are there dark halos in the universe, i.e. dark-matter halos of substantial mass which for some reason fail to produce light? This question has recently attracted attention by the detection of significant and apparently massive peaks in weak-lensing surveys which are not seen to correspond to galaxy groups or clusters in the optical or X-ray bands (see e.g. Erben et al. 2000; Umetsu & Futamase 2000; Miralles et al. 2002; Erben et al. 2003) .
Dark-matter halos are embedded into large-scale structure. Measuring the inhomogeneities of projected mass distributions, lensing observations of halos are overlaid by the lensing signal of the large-scale structure in front of and behind the halos. Being approximately a Gaussian random field, lensing by large-scale structure adds peaks and troughs to the signal which can be mistaken for halos. It may thus be that part of the claimed dark-halo detections are in fact peaks in the random weak gravitational lensing signal of the large-scale structure.
Is there a way to separate the two types of lensing signal, and thus to improve the reliability of weak-lensing halo detections? The principal difficulty in doing so is the unsharp boundary between halos and the large-scale structure. Nonetheless, we shall describe below the construction of a linear matched filter which attempts to suppress the weak-lensing signal from large-scale structures and yet leaves the signal from sufficiently massive halos for detection.
Filtering in Fourier space provides powerful and flexible methods with many possible applications to gravitational lensing, such as the weak lensing of the Cosmic Microwave Background, which has several different noise contributions superimposed (e.g. Seljak & Zaldarriaga 2000; Hu 2001; Maturi et al. 2005) . Its application to lensing of background galaxies is equally promising.
Our strategy is as follows. The large-scale structure can be considered as composed of dark-matter halos of a broad and continuous mass range. Yet, there is a characteristic length scale at each cosmological epoch, the nonlinear scale, at which the variance of the dark-matter density contrast becomes unity. This length scale separates the small-scale regime where the dark-matter power spectrum is dominated by the contributions of presumably virialised halos from the large-scale regime on which the dark-matter density can be considered as a linear superposition of linearly evolved perturbation modes. In view of weak lensing, this suggests the operational definition of largescale structure lensing which is contributed by the linearly evolved matter distribution beyond the non-linear scale, and halo lensing, which is contributed by non-linear, gravitationally bound, virialised structures (Cooray & Sheth 2002) . See Sect. 3.1 for more discussion.
We are aware that this operational definition may be questionable for many applications of weak gravitational lensing. For instance, it is well known that it is mainly the non-linear part of the dark-matter power spectrum which has now been measured with spectacular success in the weak-lensing surveys of many groups. Yet, we aim at a substantially different goal here. Being confronted with peak detections in weak-lensing data, we wish to know which of them can be attributed to halos, and which of them are likely caused by the large-scale structure.
In this attempt, we adopt the above operational definition of the distinction between large-scale structure and halo lensing, construct a linear matched filter for halo lensing and model the lensing signal by intervening large-scale structures as a noise component influencing the shape of the matched filter. Matched filters for extracting sources of interest embedded into substantial background noise were previously proposed for many kinds of observation, ranging from the analysis of Cosmic Microwave Background maps (Haehnelt & Tegmark 1996; Tegmark & de Oliveira-Costa 1998; Sanz et al. 2001; Herranz et al. 2002a,b; Schäfer et al. 2004 ) to weak-lensing tomography (Hennawi & Spergel 2004) .
In Sect. 2, we briefly review those aspects of gravitational lensing which are needed for the rest of the paper. We describe the filter construction in Sect. 3 and contrast it with the more conventional aperture mass in Sect. 4. Simulations described in Sect. 5 are used in Sect. 6 to show that our suggested filter yields promising results in terms of the goals envisaged. We summarise and conclude in Sect. 7.
Weak lensing quantities
We briefly review in this section those gravitational-lensing concepts which we shall need later. For a more detailed discussion, we refer the reader to the review by Bartelmann & Schneider (2001) . We start with an isolated lens whose surfacemass density is Σ(θ) at the angular position θ on the sky. Its lensing potential is
where D l,s,ls are the usual angular-diameter distances between the observer and the lens, the observer and the source, and the lens and the source, respectively. The reduced deflection angle experienced by a light ray crossing the lens plane at θ is the gradient of the potential,
The image positions θ for a source located at β are given by the lens equation
For sources much smaller than typical scales on which the lens properties vary, the lens mapping can be linearised. The deformation of images with respect to the source is then given by the Jacobian matrix
Here, κ is the convergence
i.e. the surface-mass density scaled by its critical value
The distortion is described by the two components of the shear,
which are combined into the complex shear γ ≡ γ 1 + iγ 2 . We further use the common abbreviation
Outside critical curves, image ellipticities are determined by the complex reduced shear
In the weak-lensing limit, κ 1, and the reduced shear approximates the shear, g ≈ γ, to first order.
Source and image shapes are quantified by the complex ellipticity
where a and b are the semi-major and semi-minor axes of an ellipse fitting the object's surface-brightness distribution. The position angle of the ellipse's major axis is ϑ. The expectation value of the intrinsic source ellipticity s is assumed to vanish. If the reduced shear satisfies |g| < 1, a sufficiently small source with ellipticity s is imaged to have an ellipticity
while 1/g * needs to be substituted for g if |g| ≥ 1; the asterisk denotes complex conjugation. This equation illustrates that the lensing distortion is determined by the reduced shear, which is the only lensing quantity directly accessible through measurements of galaxy ellipticities alone.
Filter construction

General description
We wish to construct a filter allowing the weak-lensing signal of halos to be extracted from weak-lensing observations of wide fields. We want the filter to suppress, as well as possible, the weak-lensing signal of the large-scale structure which can otherwise be mistaken as lensing by halos. As described in the introduction, we are well aware that this separation cannot fully succeed because of the un-sharp boundary between lensing by large-scale structure and dark-matter halos. According to the operational definition of large-scale structure lensing given there, we shall model the weak lensing by linearly evolved structures as a noise component to be filtered out.
Within the halo model of large-scale structure, the darkmatter power spectrum is described as composed of contributions from the halo-halo correlations, and the matter autocorrelation due to the internal halo structure. With our goal of isolating as well as possible lensing by halos, the halo-halo correlation contributes noise, while the internal halo structure carries the signal. The separation between the two occurs approximately on the scale where gravitational collapse causes density-perturbation modes to couple, which marks the deviation between the linear and non-linear dark-matter power spectra. We thus argue that the linear dark-matter power spectrum is appropriate for filtering the noise from the signal.
Consider the weak gravitational lensing signal of a darkmatter halo with amplitude A and angular shape τ(θ). The measured data D(θ) is composed by the signal S (θ) and contaminated by some noise N(θ),
which are to be specified below. In our application, the observed signal is provided by the measured ellipticities of the background galaxies, which are weakly distorted by the foreground halo and the intervening large-scale structure. The expectation value of the image ellipticities at a given position on the sky is the reduced shear,
We shall later approximate the reduced shear g by the shear γ, which is justified for weak lensing, κ 1. We do so for three reasons. First, deviations from this approximation would require the region to be known in every halo where |g| ≥ 1. Since the profile τ must represent the average properties of a halo sample, this would clearly be inappropriate. Second, the radius defined by |g| = 1 depends on the source redshift behind a given halo. A realistically broad source redshift distribution will thus smooth the reduced-shear profile. Third, while the average halo adopted for constructing the filter shape has to be circular, real halos are not, thus causing deviations of the |g| = 1 contour from a circle. It thus appears more appropriate to base a halo filter on the shear profile, rather than that of the reduced shear.
There are three noise contributions. The first is the Poisson noise arising from the random positions of the source galaxies. Since the corresponding terms are subdominant compared to other noise source (see Schneider et al. 1998) , it is justified to drop them in the following analysis. The second noise contribution is related to the intrinsic source ellipticity and to the finite number of the background galaxies. This adds noise proportional to the variance of the intrinsic ellipticity and inversely proportional to the square root of the galaxy number density. Thus, the determination of a single galaxy ellipticity is a very noisy measurement of the shear only. Finally, there is the noise component which we are primarily aiming at, which is caused by weak lensing of intervening large-scale structures. This third source of noise will be modelled by the linear darkmatter power spectrum, according to our operational separation between halo and large-scale structure lensing.
These noise components are assumed to be random with zero mean and isotropic such that their statistical properties are independent of the position on the sky. These assumptions are well justified, since to sufficient approximation the background galaxies are randomly positioned and oriented, and weak lensing by the large-scale structures is well described by an isotropic Gaussian random field. The variances of the noise components are conveniently described in the Fourier domain, where their correlation functions are
the hats above symbols denote the Fourier transforms and P N (k) is the noise power spectrum. We wish to construct a linear filter Ψ(θ) which, when convolved with the data, will yield an estimate A est for the amplitude A of the signal at the position θ,
We further want the filter to satisfy two constraints. First, we require it to be unbiased, i.e. the average error,
has to vanish. Second, the measurement noise σ, determined by the mean-squared deviation of the estimate from its true value,
has to be minimal. For finding a filter Ψ satisfying these two conditions, we combine them by means of a Lagrangian multiplier λ, carry out the variation of L = σ 2 + λb with respect to Ψ and thus find the function Ψ minimising L. The solution of this variational minimisation is given bŷ
This is the usual result showing that the optimal linear filter shape is determined by the shape τ of the signal, divided by the noise power spectrum. The filter is thus made most sensitive for those spatial frequencies where the signalτ is large and the noise P N (k) is small.
Modelling the signal
Before we can apply this formalism to the observed data, we need to assume a model for the spatial distribution of the signal and a power spectrum describing the noise properties of the data. Concerning the signal, we assume that clusters are on average axially symmetric. Thus, τ(θ) = τ(|θ|). Specifically, we use the density profile found in numerical simulations by Navarro et al. (1997) for modelling the average three-dimensional density profile of dark-matter halos,
where ρ s and r s are characteristic density and distance scales, respectively. These two parameters are not independent, but stochastically related to a single parameter, which can be chosen as the cluster mass.
The gravitational lensing properties of such a mass distribution have been widely explored (see e.g. Bartelmann 1996; Wright & Brainerd 2000; Li & Ostriker 2002; Meneghetti et al. 2003) . Its lensing potential is given by
with
where x is the projected distance from the lens centre in units of the distance scale, x = r/r s . The reduced shear g is obtained from Eq. (20) using Eqs. (5) and (7). Since the signal τ contained in our data D is the reduced shear g, we now identify τ with g. Its Fourier transform is defined aŝ
The factor κ s in Eq. (20) is determined by the scale density ρ s of the NFW density profile and the scale radius r s ,
with the critical surface-mass density for lensing Σ cr from Eq. (6). While the normalisation ρ s of the NFW density profile is fixed by the virial radius and mass, the scale radius is set by the halo-formation history, as originally explained in Navarro et al. (1997) . For its better scaling with redshift, we use the relation between halo mass and scale radius derived by Eke et al. (2001) instead. A detailed comparison of different algorithms relating mass and r s and numerical halo simulations can be found in Bartelmann et al. (2002) and Dolag et al. (2004) .
Noise power-spectrum
As discussed earlier, we take three sources of noise into account. These are the weak-lensing signal due to the large-scale structure, the noise due to the finite number of background galaxies used for measuring the shear, and the noise due to the random intrinsic shape and orientation of the sources. The weak gravitational lensing effect of the large-scale structures between the observer and the sources at a comoving distance w, observed in the direction θ on the sky, gives rise to an effective convergence (see e.g. Bartelmann & Schneider 2001) 
The factor out front contains the present-day matter-density parameter Ω m and the Hubble constant H 0 . The comoving angular-diameter distance
is parametrised by the spatial curvature K. The density contrast δ = (ρ −ρ)/ρ is taken at perpendicular distance f K (w )θ and parallel distance w , and a(w ) is the scale factor of the universe at distance w . When the sources are distributed in comoving distance, κ eff (θ, w) needs to be averaged over the source-distance distribution G(w),
where the upper integration limit w H is the comoving distance to the horizon. The power spectrum of the effective convergence P κ (k) is related to the power spectrum of the three-dimensional density fluctuations P δ (k) by Limber's equation,
in which the weight functionW(w) is given by a line-of-sight integral over distance ratios,
The cosmic-shear and effective-convergence power spectra are identical. However, we will later use a single (the tangential) component of the shear only, such that the shear power spectrum is
The noise contributions from the finite number of background galaxies and their intrinsic ellipticities are both modelled as Poisson noise, which has the flat power spectrum
determined by the number density n g of suitable galaxies and the variance σ 2 s of the intrinsic ellipticity distribution. Again, the factor 1/2 arises because only one component of the ellipticity contributes to the measurement. We ignore the negligible shot-noise from the random background-galaxy positions. Also neglected is a possible noise contribution from intrinsic alignments of the background galaxies, which is negligible in deep observations which detect galaxies separated by cosmological distances. If necessary, noise from intrinsic alignments could be taken into account by means of a k-dependent correction to the power spectrum Eq. (30). With the remaining noise components being independent of each other, the total noise power spectrum is the sum of the contributions,
The contributions affecting the construction of the optimal filter are shown in Fig. 1 . The solid line shows the squared Fourier transform of the shear model Ψ, assuming an NFW lens model of M = 5 × 10 14 h −1 M at redshift z l = 0.3 and a source redshift z s = 2. The effective shear power spectrum P γ and the Poisson noise P are given by the dash-dotted and the dotted lines, respectively, where the latter contains the contributions from the finite galaxy number density and their random ellipticities. The bold solid line shows the filter resulting from Eq. (18). Unfortunately, but expectedly, the large-scale structure power is significant on those spatial frequencies where also most of the signal is located. This implies that it will be impossible to perfectly separate the true signal from the largescale structure contaminations on the same scales. On the other hand, the lensing noise contributed by the large-scale structures on scales larger than the typical scale where the signal power spectrum becomes negligible will be effectively filtered away.
Aperture mass
For detecting halos through their weak-lensing signal, the aperture mass statistic (M ap , Schneider 1996) is frequently used. Due to its favourable statistical properties, it has turned into one of the prime tools for analysing cosmic-shear statistics. Its application to the detection of the weak-lensing patterns from dark-matter halos has been discussed and demonstrated by several authors (see e.g Erben et al. 2000; Schirmer et al. 2004) .
The aperture mass is a weighted integral of the local surface mass density,
where U(θ) is the weight function. If the aperture is chosen to be circular, U is axially symmetric, U(θ) = U(θ). Since the convergence is not directly measurable, Eq. (32) is conveniently rewritten in terms of the tangential shear γ t as
provided the filter U is compensated, i.e. satisfies
The function Q(θ) is related to U(θ) by
The noise of the aperture mass is given by its variance (Schneider 1996) . It must be emphasised here that the aperture mass and our filter are formally identical, as a comparison between (33) and (15) clearly shows. Both convolve the signal with a suitable filter function. The key difference is merely (but importantly) the filter's shape. The function U can be chosen such to maximise the signalto-noise ratio M ap /σ M ap . Schneider et al. (1998) show that this is the case if Q mimics the tangential shear profile of the lens. For example, Schirmer et al. (2004) and Hennawi & Spergel (2004) use a function which approximates the expected shear profile of a NFW halo.
Thus, an assumption on the expected profile of the tangential shear needs to be made in the construction of both the optimal filter and the aperture mass. In this respect, the two functions Q and τ should be chosen to look very similar. Two differences are important, however. First, the weight function U used in the definition of the aperture mass is compensated, constraining Q in a way which is not necessary for τ to maximise the signal-to noise ratio. The reason is that the aperture mass was specifically defined such as to be proportional to the projected mass enclosed by the aperture. We dropped this constraint to maximise the significant halo detections, rather than asking for a determination of halo parameters apart from the overall shear amplitude. Second, the shape of the optimal filter differs from the profile function τ because it is modified by the shape of the total noise power spectrum. A comparison between the optimal filter and the function Q(θ) used by Schneider et al. (1998) are shown in Fig. 2 . The dashed line shows the shear for a NFW profile, the solid and the dashdotted lines both show the optimal filter derived by this profile, albeit for two different scale radii adopted for modelling the signal. It is clear how the noise power spectrum modifies the filter shape by lowering its sensitivity on large scales according to the adopted scale. We will show in the following sections how the two filters perform when applied to simulated data. Two further differences between the aperture-mass weight function Q and our filter Ψ are less fundamental, but may have important practical implications. First, Q was chosen to have compact support, which is more adequate for the finite data fields on which halos will be sought. However, the filter Ψ as modified by the noise power spectrum is sufficiently narrow for this not to constitute an important problem. If necessary, τ can be replaced by the shear profile of a truncated NFW halo (see also Hennawi & Spergel 2004) , steepening the filter's decline. Second, Q is typically chosen to punch out the halo centre because there the tangential component of the ellipticity is not defined, the weak-lensing approximation may break down, and cluster galaxies may prevent the shapes of background galaxies from being precisely measured. Of course, τ could be modified Comparison between the filter profiles. Different lines types refer to the conventional aperture mass (solid line), the optimal filter described in this paper but without the large-scale structure contribution to the noise power spectrum (dashed line), the full optimal filter for r s = 2 and r s = 4 (heavy solid and heavy dash-dotted lines, respectively). The large-scale structure power spectrum modifies the filter shape according to the filter scale by lowering its sensitivity on large scales where weak lensing by large-scale structure dominates.
in exactly the same way if necessary, or a more sophisticated filter containing implicit masks could be used (Maturi et al., in preparation) .
Simulated source catalogues
Numerical simulations are a unique tool for assessing the performance of the optimal filter, individually and in comparison to the aperture mass. In the following sections we describe the lens models and the numerical methods used for producing simulated catalogues of weakly distorted sources, subsequently analysed with our filter and the aperture-mass statistic.
Numerical models
The numerical model used here is a simulation of a supercluster-like region containing six halos with virial mass larger than 5.6 × 10 13 h −1 M . They are embedded in an over-dense region containing several less-massive halos. The region is a section from an existing dark-matter only large-scale cosmological simulation, later re-simulated at higher resolution using the "Zoomed Initial Conditions" (ZIC) technique (Tormen et al. 1997 ). The parent simulation was an N-body run of a box of 479 h −1 Mpc side length containing 512 3 particles of mass 6.8 × 10 10 h −1 M . The background cosmological model is spatially flat with Ω m = 0.3 and Ω Λ = 0.7 at the final epoch, identified with redshift zero Jenkins et al. 2001) .
From the output of this large cosmological simulation at redshift zero, we selected the super-cluster region for the following re-simulation. New initial conditions were constructed as follows. First, the particles contained in the selected region were traced back to their initial (Lagrangian) positions. These define a region in Lagrangian space. Then, the initial density field in that Lagrangian region was re-sampled by placing a higher number of particles than were originally present, adding additional small-scale power appropriately. Gas was introduced into the high-resolution region by splitting each parent particle into a gas and a dark-matter particle. The final mass resolution of this simulation was m DM = 1.13 × 10 9 h −1 M and m gas = 1.7×10 8 h −1 M for dark matter and gas within the highresolution region, respectively. Thereby the simulation hosts a usable region of 25 h −1 Mpc. Finally, the region was evolved down to redshift z = 0 using the code (Springel 2005) , a new version of the parallel tree-SPH simulation code GADGET (Springel et al. 2001) . The simulation was carried out including adiabatic hydrodynamics. The comoving gravitational softening length was fixed to = 5.0 h −1 kpc (Plummer-equivalent). For the present work, we use the output of the re-simulation at redshift z = 0.297. We separately analyse six sub-boxes, each of them centred on one of the six most massive halos. The comoving side-length of each sub-box was set to ∼28.9 h −1 Mpc, corresponding to 2
• on the observer's sky.
Weak-lensing simulations
The particles in each sub-box sample a three-dimensional density field. Their positions are interpolated on a grid of 512 3 cells using the Triangular Shaped Cloud method (Hockney & Eastwood 1988) . Then, the three-dimensional density field is projected along its coordinate axes, thus producing three surface density maps, which we use as independent lens planes in the following lensing simulations.
The lensing simulations are performed by tracing a bundle of 2048 × 2048 light rays through a regular grid, covering the central quarter of the lens plane, corresponding to a field of view of 1
• . The deflection angles α sig (i, j) of each ray (i, j) are computed according to the method described in several earlier papers (see e.g. Meneghetti et al. 2000 Meneghetti et al. , 2001 Meneghetti et al. , 2005 .
Weak gravitational lensing by large-scale structures between the observer and the sources is included as follows. From the power spectrum Eq. (27) of the effective convergence, we obtain the power spectrum of the effective lensing potential,
Since we only aim at measuring the efficiency of our filter for detecting a shear signal, the source redshift distribution is not important. Thus, all sources are assumed to be at the same redshift z s , considering the two cases z s = 1 or z s = 2. The upper integration limit in Eq. (24) is then the comoving distance to the source plane, w s = w(z s ), and the distance distribution of the sources is a delta function,
We generate the effective lensing potential in Fourier space as a Gaussian random field. Using Eq. (2), we find the large-scale structure contributions to the deflection angles, α LSS (i, j). The total deflection angle for each ray (i, j) is then
Reduced-shear maps for each field are straightforwardly derived from the deflection angle as explained in Sect. 2.
Background galaxies are randomly placed and oriented, and their ellipticities drawn from the distribution
with σ s = 0.3. We assume a background galaxy number density of n g = 25 arcmin −2 . Therefore, each field contains ∼90 000 galaxies. "Observed" ellipticities are obtained from Eq. (11), and a catalogue containing the shapes and the positions of all sources in each field is compiled for the following analysis.
Results
Applying the filter
We now describe how we analyse the simulated catalogues. The integral in Eq. (15) is approximated by a sum over galaxy images. Since the ellipticity is an estimator for γ, we can write
where ti (θ i ) denotes the tangential component of the ith galaxy's ellipticity relative to the line connecting θ i and θ. Thus, the filtering is performed in the real domain, which requires to Fourier back-transform the filter function from Eq. (18). We measure A est on a regular grid of 128 × 128 points covering the field. The noise estimate in A est is obtained from
where n g is the number of sources. We produce maps of the signal-to-noise ratio (S /N) for all our fields. We then search for peaks with heights above a minimal S /N. For comparison, similar S /N maps are produced using the aperture mass statistic. In this case, we also use Eqs. (41) and (42) for estimating the signal and the noise, but we substitute the filter function Ψ with the appropriate analogous function Q discussed in Sect. 4.
Signal-to-noise maps
We show in this section how the filter performs on one projection of the field centred on the third-most massive halo in the simulation box. The results for the fields centred on the other five halos are qualitatively and quantitatively very similar and thus not shown. The simulation we use represents a fairly complex case to study. Indeed, the field is crowded with ∼15 sub-halos of different masses and some filamentary structure connecting them. A detailed and quantitative estimate of the detection statistics is non-trivial and would exceed the purpose of this paper. We leave it to a forthcoming study in which lensing by large-scale structures along the entire line-of-sight will be taken into account in the framework of multi-plane lensing theory. Fig. 3 . Signal-to-noise contours above 5σ and with intervals of 0.5σ for different filter scales, assuming sources at redshift z s = 2. Results obtained by applying the optimal filter and the aperture mass are shown in the left and right panels, respectively. From top to bottom, the scales are 1 , 2 and 4 for the optimal filter, and 2.75 , 5.5 and 11 for the aperture mass. The contours are overlaid in all panels on the surface-density map in the field centred on the third most massive halo in our simulation.
Both the optimal filter and the aperture mass are designed for the optimal detection of halos of a given scale. For the optimal filter, this can be set to the scale radius of the NFW profile. However, this definition does not apply to the aperture mass. In fact, the size of the aperture is defined as the radius where the filter function Q has its first root. In order to compare the efficiency of the two filters for the detection of the same class of objects, we adjusted the size of the aperture such that it resembles the scale of the signal profile used in the optimal filter. For doing so, we chose the aperture size such as to yield detections of similar extent as the signal returned by the optimal filter. Specifically, these profiles have been defined such that their rms width was equal.
We show in Fig. 3 the signal-to-noise contours for detections reaching above 5σ, spaced by 0.5σ. The left and the right panels refer to the optimal filter and the aperture mass, respectively. From top to bottom, the filter scales are 1 , 2 , 4 for the optimal filter, corresponding to scales of 2.75 , 5.5 and 11 for the aperture mass. In order to allow the reader to see which detections are real and which are spurious, we overlay the contours on surface-density maps from the numerical simulation. Fig. 4 . Signal-to-noise contours for a fixed filter scale of 2 for the optimal filter (left panels) and of 5.5 for the aperture mass (right panels) for sources at redshift z s = 2. From the top to the bottom panel, the significance contours start at 2σ, 4σ and 6σ, respectively, and are spaced by 0.5σ. In all panels, the contours are overlaid on the surfacedensity map in the field centred on the third most massive halo in our simulation. Table 1 lists the S/N ratios of the main detections shown in Fig. 3 . The first two columns give the coordinates in the figure, the third and the forth columns show the S/N ratios for the aperture mass and the optimal filter, respectively, and the last column indicates whether the detection corresponds to a cluster (true) or is a spurious detection (false). The table shows in three blocks from top to bottom results for different filter sizes, r s = (1 , 2 , 4 ) for the optimal filter and r ap = (2.75 , 5.5 , 11.0 ) for the aperture mass, again chosen such as to give both filters the same rms width. The table shows that, if the filter scale is small, the optimal filter yields as significant detections in terms of S/N as the aperture mass, but avoids spurious detections. Its performance deteriorates for larger filter scales, although it remains more reliable than the aperture mass.
Question marks in Table 1 indicate aperture-mass detections near real haloes, but with dominant contribution from the large-scale structure. For instance, the halo with coordinates (0.25, −0.12) in Fig. 3 is properly detected with a filter scale of 2.75 , but the large-scale structure signal becomes important with a filter scale of 5.5 , increasing the signal-to-noise ratio and moving the peak right. With a filter scale of 11 , the halo signal is completely lost. Table 1 . Signal-to-noise ratios of the most significant detections shown in Fig. 3 . Columns 1 and 2 give the coordinates in the figure, Cols. 3 and 4 show the signal-to-noise ratios for the aperture mass and the optimal filter, respectively, and Col. 5 indicates whether a real cluster was found or the detection was spurious ("false"). The three blocks in the table list results for different filter sizes. From top to bottom, the scale of the optimal filter increases from 1 to 4 , and the scale of the aperture mass is increased accordingly as indicated.
signal-to-noise ratio x y aperture mass optimal filter detect. The optimal filter detects the dark matter concentrations present in our simulated field noticeably better than the aperture mass. Indeed, a lower number of spurious detections is found, and the optimal filter turns out to be remarkably more stable against changes in the filter scale.
The aperture-mass statistic does not consider the contribution due to large-scale structures as a source of noise. It thus estimates a lower noise level and results in a S /N ratio which is biased high compared to that of the filter proposed here.
The signal-to-noise ratios shown in Table 1 reach a maximum of 22. This high value in the aperture mass detections is due to the high source redshift, z s = 2. This favours high lensing strengths from halos and a substantial signal from LSS lensing along the line-of-sight. This LSS contribution to the aperture mass increases for larger filter sizes, since more and more of the contamination is encompassed. This will become increasingly important when deeper observations will be available in the near future and the LSS contamination will become one of the main contaminants in halo searches. A comparison between the results for sources at redshift z s = 1 and z s = 2 is shown in Figs. 4 and 5.
Further inspection shows that the spurious detections of matter concentrations are in fact connected to over-densities produced by the projection of the large-scale structures along the line-of-sight. As discussed in Sect. 3.3, these misidentifications cannot strictly be avoided, for the large-scale structure power spectrum is still large on the spatial scales where most of the signal resides. A possible method for discriminating between true halos and large-scale structure superpositions could be to group the sources in redshift bins. In fact, the large-scale structure pattern is expected to change for sources at different redshifts. This method is currently being tested using numerical simulations (Meneghetti et al. 2005, in preparation) .
It is remarkable that large-scale structure contaminations are much less important for the optimal filter compared to the aperture mass, especially when aiming at detecting clusters of large mass and low redshift, having large scale radii.
In Fig. 4 , we show the detections above a minimal signalto-noise ratio for a fixed filter scale of 2 arcmin for our filter (left column) and of 5.5 arcmin for the aperture mass (right column). From the top to the bottom panels, the contours start at 2, 4 and 6σ, respectively. Again, the efficiency of the optimal filter is remarkably higher than that of the aperture mass.
Apparently the chance of a halo to be detected does not only depend on its mass or on the amplitude of the shear which it is able to produce. Indeed, the noise produced by the largescale structure can locally disturb the signal such that even a relatively massive halo can fall below detectability due to the local effective shear produced by the large-scale structure. As a simple test, we perform several weak-lensing simulations keeping the background galaxy population fixed and changing the large-scale structure in front of them, by using different realisations of the Gaussian random deflection-angle field. The results are shown in the sequence in Fig. 5 for sources redshift z s = 1, and in Fig. 6 for z s = 2.
We use a filter scale of 2 arcmin and plot the signal-to-noise contours above 4σ in all panels, spaced by 0.5σ. In the right panels of images, the optimal filter is applied in order to remove the large-scale structure contamination. Clearly, some of the clumps which are detected for a given realization of the large-scale structure are entirely missed when a different random realisation is used. For better illustrating the influence of the large-scale structures on the detection efficiency, we show in the left panels the same detections without including the large-scale structure noise in the construction of the optimal filter. Spurious halo detections are strongly reduced by using low-redshift sources because of the weaker large-scale structure contribution along the line-of-sight. This causes the signalto-noise ratio to increase despite the clusters' being less efficient lenses for the lower-redshift sources. Compared to the case shown in Fig. 6 , the clusters' lensing efficency is lower because of the lower sources distance, but, for the same reason, there is also a strong reduction in the large-scale structure contamination which leads to a gain in the signal-to-noise ratio. Fig. 5 . Signal-to-noise contours above 4σ for different realizations of the large-scale structure. The contours are spaced by 0.5σ. Results obtained by applying the optimal filter without and with filtering out the large-scale structure are shown in the left and in the right panels, respectively. The introduction of the noise power spectrum in the filter definition minimises the contamination due to the large-scale structure. The scale of the filter is 2 , and the source redshift is z s = 1.
Summary and discussion
We have developed a linear filter for detecting the weak-lensing signal of dark-matter halos. Given the expected shape τ of the halo signal, the filter is uniquely determined by the two requirements that it be unbiased and maximise the signal-to-noise ratio. The filter shape is modified by the noise power spectrum, into which we include the noise from the finite number of background galaxies used to measure the gravitational shear, the noise from their random intrinsic ellipticities, and the weaklensing signal contributed by the large-scale structure. Since the total noise power spectrum is monotonically falling over the scale of the shape function τ, the inclusion of the noise narrows the filter considerably.
Conceptually, this filter is identical to the aperture-mass statistic M ap proposed by Schneider (1996) . Both convolve the measured signal with a suitably chosen weight function (see Schirmer et al. 2004; Hennawi & Spergel 2004 for recent applications). The key difference between the aperture mass and our filter is its shape, which we choose such that the noise contributions are effectively filtered out, leaving real halo detections as cleanly as possible. Our primary goals are to obtain a filter which separates halos from spurious peaks in the lensing effects of the projected large-scale structure, and whose results are stable against small changes in the filter scale. Our motivation is that applications of other statistics used for detecting dark-matter halos, such as the aperture mass, tend to detect large numbers of dark peaks, i.e. peaks in the lensing signal which are not found to correspond to detectable signal in the optical or X-ray wave bands. Moreover, these peak detections tend to be unstable against changes in the characteristic scale of M ap , i.e. the significance of their detection may change wildly upon even small changes of scale.
It is clear that a clean separation of halos from large-scale structure is impossible because large-scale structure can be considered as being composed of dark-matter halos. We thus choose the operational definition that the halos we wish to detect are distinguished from large-scale structure as being objects on scales smaller than the non-linear scale. Consequently, we model the large-scale structure "noise" in the weak-lensing signal as being due to linearly evolved structures alone.
We perform numerical simulations for testing our new filter. The results, summarised in Figs. 3-5, demonstrate that the filter meets all of our goals. Changes in the filter scale leave the signal much more stable than the aperture mass does, as Fig. 3 shows. Figure 4 illustrates that the efficiency of our filter is typically substantially higher than that of the aperture mass, and Figs. 5 and 6 demonstrate that filtering halos against largescale structure lensing is indeed very efficient, especially for deep surveys. Compared to the aperture mass, the number of spurious peaks is also substantially reduced.
We thus propose this filter as an alternative statistic for detecting dark-matter halos. Of course, the aperture mass remains a very valuable statistic which has its significant strengths in analyses of lensing by large-scale structures. It appears, however, from our numerical simulations that a fair fraction of the peaks found with the aperture mass may in reality not be caused by halos, but by peaks in the projected large-scale structure.
